IMPORTANCE Macular function is important for daily activities but is underestimated when tested with 24-2 visual fields, which are often used to classify glaucoma severity.
S tandard automated perimetry (SAP) with a fixed 6 × 6°g rid testing the central 24°of the visual field (eg, 24-2 and 30-2 tests) is the commonly used reference standard to define the presence of glaucomatous functional loss. 1 In clinical practice and randomized clinical trials, the results of this modality of testing have been used as main outcome measures to determine glaucoma onset 2, 3 and progression [4] [5] [6] often aided by optic nerve imaging techniques.
There is growing evidence that 24-2 SAP results can miss damage within the central 10°of the visual field that would otherwise be detected if one used a denser grid (2 × 2°), such as that tested with 10-2 SAP. [7] [8] [9] [10] [11] [12] [13] [14] [15] Furthermore, studies using spectral-domain optical coherence tomography (SD-OCT) have shown that macular damage in early glaucoma is much more common than previously thought and is often present in eyes with 24-2 mean deviation (MD) better (ie, closer to 0) than −6 dB. [16] [17] [18] [19] [20] Because of their importance in clinical and research settings, and given their substantial association with measures of vision-related quality of life, 21, 22 24-2 (or 30-2) SAP metrics have traditionally been used to stage glaucoma severity. 23 Although some of these staging systems take into account the presence of central field damage as a sign of more severe disease, 24, 25 an important caveat they all share is the lack of a finer assessment of macular damage, whether by means of incorporating 10-2 fields or SD-OCT macular scans. Given that 24-2 SAP results underestimate the prevalence and degree of glaucomatous damage of the macula, 11, 19 we hypothesized that glaucoma staging systems also underestimate glaucoma severity, particularly among eyes often diagnosed as early damage. To test this hypothesis, we define macular damage by a combination of topographically matching SD-OCT results and 10-2 SAP results and examine how 3 commonly used staging systems classify this damage.
Methods
This cross-sectional study was approved by the institutional review boards of Columbia University Medical Center and the New York Eye and Ear Infirmary of Mount Sinai. The study followed the tenets of the Declaration of Helsinki and the Health Insurance Portability and Accountability Act. Written informed consent was obtained from all eligible participants.
We included 57 eyes of 57 participants with glaucoma (mean age [SD], 57 [14] years) with 24-2 SAP results MDs better than −6 dB and a spherical refractive error less than 6 diopters (D). All eyes were classified as having established glaucoma by 2 glaucoma experts (J.M.L. and D.M.B.) and had signs of glaucomatous optic neuropathy on disc photographs and 24-2 visual fields (Swedish Interactive Testing Algorithm-Standard, Humphrey Field Analyzer; Carl Zeiss Meditec) with abnormalities consistent with glaucoma. Glaucoma experts also had access to participants' clinical and family histories, intraocular pressure, SD-OCT scan results, and 10-2 visual field results to help in their determination. Details of the inclusion and exclusion criteria for this study are described elsewhere. 17 
Definition of Macular Damage
Macular damage was defined by 10-2 SAP and macular SD-OCT evidence of retinal ganglion cells plus inner plexiform (RGCP) layer probability maps, as previously described. 8, 16, 18, 19 In brief, the total deviation and pattern deviation (PD) plots of the 10-2 results were reviewed in combination and clusters of points with probabilities less than 5% were circled by an investigator (D.C.H.) masked to the SD-OCT results. These regions of abnormality were then overlaid on top of the RGCP probability maps after the investigator flipped to field view. Macular damage was deemed present if the region(s) of 10-2 abnormality topographically matched areas of the macular RGCP probability maps with probabilities less than 5%. Figure 1 depicts examples of eyes with macular damage.
We then classified each eye with regard to glaucoma severity in multiple glaucoma staging systems. In the HodappParrish-Anderson (HPA) criteria (eTable in the Supplement), 24 3 main parameters were used for staging: the MD, the number of test points depressed below predefined probabilities on the PD plots, and loss of threshold sensitivity within the central 5°of the visual field.
The Glaucoma Visual Field Staging System (GVFSS) 25 consists of 3 parameters reported in the format 1/2/3. Parameter 1 describes the severity as per the visual field index (VFI), 26 parameter 2 determines the location of the defect per the eccentricity in degrees, and parameter 3 displays the topographic extent of damage based on the hemifield involved and the connection to the blind spot. A PD plot with 2 or more adjacent points, all of which depressed at P < .05, with at least 1 of those points depressed at P < .01 or 1 nonedge point on the PD plot depressed at P < .005, is used to determine the presence of damage. The VFI system classifies a visual field result as early (designated E) when VFI values are better than 91%; moderate (M) when values are between 78% and 91%; and severe (S) when 78% or worse. eFigure 1 in the Supplement shows 4 examples using this staging system. The present analyses will be focused on the VFI component of this staging system. Finally, the Brusini Glaucoma Staging System 2 (GSS2) 27 is based on a chart that plots global metrics from the Humphrey Field Analyzer or the Octopus perimeter (Haag Streit, GmbH). For the purpose of the present analyses, we only used the metrics from the Humphrey Field Analyzer: MD (plotted
Key Points
Question Do current glaucoma staging systems underestimate severity when macular damage is present?
Findings In this cross-sectional study of 57 participants, the main glaucoma severity staging systems classified about 70% of eyes with confirmed macular damage as having early glaucoma.
Meaning These findings suggest current glaucoma staging systems tend to underestimate severity when not including 10-2 visual fields and high-resolution macular imaging in assessments of macular damage; if these results are confirmed and generalizable, new systems using macular measurements (from 10-2 and optical coherence tomography results) might improve glaucoma severity staging.
on the x-axis) and pattern standard deviation (PSD; on the yaxis). The solid curves are the borders between the stages of the system. The intersection between MD and PSD values defines whether the eye has localized, generalized, or mixed defects, as well as its stage, ranging from 0 (less severe) to 4 (more severe) (eFigure 2 in the Supplement).
Comparison between the presence of macular damage and the staging systems was also completed. Figure 2 shows an example of an eye with macular damage based on study definitions. Because of the 24-2 MD, PD probability plots, and sensitivity of points in the central 5°of the visual field, this eye is staged as an early defect with the HPA system. Because of the Comparisons of retinal ganglion cell plus inner plexiform layer thickness maps of the macula of the same eye per 24-2 SAP results (A), 10-2 results (B), optical coherence tomographic scan thickness (C), and probability mapping (D). In A, test results include a visual field index of 97%, a mean deviation of −0.96 dB, and a pattern standard deviation of 2.14 dB (P < .05). In B, the mean deviation is −0.67 dB, and the pattern standard deviation is 1.72 dB (P < .05). VFI of 97%, it is staged as an early defect with the VFI component of the GVFSS. Because of the intersection of 24-2 MD and PSD on the GSS2 chart, the stage of severity is defined as stage 0 with the Brusini system. Figure 2A and B show the 24-2 and 10-2 results, with the respective total deviation and PD plots. Figure 2C shows the RGCP thickness map in retina view and the corresponding probability plot in field view (D) to enable direct comparisons with visual field results. Note that the superior arcuate defect on the 24-2 impinges on the central 10°o f the visual field; this is more evident in the 10-2 plots, which show regions with excellent agreement with abnormal areas in the macular probability map.
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Results
Of the 57 participants, 33 (57%) were women, and 43 (75%) were white. Their mean (SD) age was 57 (14) years. Of the 57 patients with glaucoma diagnosis whose eyes had an MD better than −6 dB, 48 (84% [95% CI, 72%-92%]) had macular damage. The affected eyes had a mean (SD) of the 24-2 MD of −2.5 (1.8); the mean (SD) of the 10-2 MD was −3.0 (2.4) dB, and the mean (SD) of the VFI was 94.2% (4.5%). Figure 3A shows the associations between HPA stages and the 24-2 MD values. Seven of the 57 eyes (12% [95% CI, 5.0%-23%]) were staged as having no or minimal defects, 36 (63% [95% CI, 49%-75%]) as having early-stage defects, and 14 (24% [95% CI, 14%-37%]) as having moderate defects. Among eyes with macular damage (n = 48), 10 (20% [95% CI, 10%-35%]) had no or minimal defect, 24 (50% [95% CI, 32%-64%]) had early-stage defects, and 14 (29% [95% CI, 17%-44%]) had moderate defects. All 14 eyes with moderate defects had macular damage.
eFigure 3 in the Supplement shows an example of an eye classified as having no or minimal defects and an eye with early defects. The 10-2 result and the SD-OCT RGCP probability map showed topographically matching defects. The superior arcuate defect seen on both 24-2 and 10-2 results matched the RGCP loss seen on SD-OCT in both examples. Figure 3B shows the association between the VFI and the 24-2 MD values for the VFI component of the GVFSS. Fortyeight of 57 eyes (84% [95% CI, 72%-92%]) were classified as having early defects and 9 (15% [95% CI, 7%-27%]) as having moderate defects. Among the 48 patients whose eyes had macular damage, 39 (81% [95% CI, 67%-91%]) had early defects and 9 (18% [95% CI, 8%-32%]) had moderate defects. All 9 patients whose eyes had moderate defects had macular damage. When looking at parameter 2 of this system (ie, the location of the defect based on the eccentricity in degrees), 7 of these 48 eyes (14% [95% CI, 6%-27%]) with macular damage had no abnormality within the central 10°of the 24-2. eFigure 3 in the Supplement shows 2 eyes classified as having earlystage defects based on the VFI (99% and 97%). The defect seen on the 10-2 results was missed in the 24-2 results, but it topographically matched the RGCP abnormality; 1 point at P <.05 fell just outside the central 10°of the 24-2 results of the GVFSS (eFigure 3 in the Supplement). In another image, both the 24-2 and 10-2 matched the RGCP defect. Figure 3C shows the association between the Brusini GSS2 and 24-2 MD values. 
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Both cases had abnormalities seen on both the 24-2 and 10-2 tests and confirmed with SD-OCT.
Discussion
We tested the hypothesis that current glaucoma staging systems, which are based on 24-2 or 30-2 SAP results, underestimate glaucoma severity, given that these tests do not adequately assess macular function. We found that in a sample of participants with glaucoma and MD better than −6 dB, nearly all had macular damage despite being classified as having no or early damage. Because of the importance of the macula for daily activities and quality of life, 21, 22, 28 these findings suggest a fundamental flaw inherent to systems that aim to define glaucoma severity based exclusively on 24-2 or 30-2 visual fields. Most eyes commonly classified as having early disease may in fact require reclassification to severe glaucoma if the macula were evaluated with more adequate tools and without overrelying on summary metrics (such as MD, PSD, and VFI). that the characteristic patterns of glaucoma-associated macular RGCP loss appeared to be more important prognosticators of vision-related quality of life than thickness measures, with diffuse RGCP loss as an indicator for diminished visionrelated quality of life. Two of the evaluated staging systems (HPA 24 and GVFSS 25 ) take into account the presence of abnormalities within the central 5°or 10°of the 24-2 grid. Therefore, our suggestion that eyes with macular damage (not seen on 24-2 or 30-2 results) should be classified as having severe damage is not necessarily new. The HPA system, for instance, classifies eyes with MD better than −6 dB as severe, if damage is seen within the central 5°of the 24-2 or 30-2 results. Therefore, the message that eyes with structural and functional abnormalities in the macular region should be seen as having severe functional loss is supported by the underlying premises of existing staging systems. Nonetheless, when those systems were developed, highresolution OCT imaging of the macula was not available; in addition, 10-2 tests were reserved for eyes with severe visual field loss or damage close to fixation. In both the HPA and GVFSS systems, the presence of such abnormalities changes the classification to a more severe stage, most likely because the authors considered that loss of central function had an important role in vision-related quality of life. (Note that, for simplicity, we focused our analyses on the VFI component of the GVFSS system; when all 3 components were analyzed however, this system missed 14% of all macular damage, a small proportion than the other 2 systems.) Nonetheless, the use of visual field tests with 6 × 6°grids (ie, 30-2 and 24-2) often underestimated the presence and extent of damage in the central 10°of the visual field owing to poor sampling (only 12 of the 76 or 54 points, respectively). If 10-2 visual fields (or grids with finer spacing in the central area) are used to define central loss, these systems would classify more eyes as having severe glaucoma. One of the reasons this may not have been done is that for a long time it has been thought that glaucoma does not affect the central field until the later stages of the disease; thus, 10-2 testing was reserved for advanced cases or those with threat to fixation. In recent years, this misconception has been challenged by investigators who used different methods to reach very similar conclusions. 7, 9, 10, [13] [14] [15] 30 Another important reason is the more recent implementation of SD-OCT for glaucoma diagnosis and monitoring. High-resolution imaging of the macula has allowed the visualization of the RGCP layer, where glaucomatous damage occurs. Therefore, the old clinical paradigm for glaucoma care, which was based on disc photography, 30-2 or 24-2 visual fields, 29 is inadequate not only to diagnose glaucoma but also to determine its severity and effect on quality of life. Added to that, clinicians still tend to overrely on summary metrics not only derived from visual fields (eg, MD, PSD, and VFI) but also from high-resolution SD-OCT images. Test-retest visual field metrics are more variable than OCT metrics and are more influenced by disease severity. 31, 32 This suboptimal use of SD-OCT imaging often leads to missed macular damage, which can range from 36% to 77% depending on the metric used (eg, quadrants or clock hours). 16 The implications for these findings may extend beyond estimating the level of macular damage in patients with or suspected glaucoma, to the quality of care delivered to these patients. As of today, International Statistical Classification of Diseases and Related Health Problems, Tenth Revision codes are based on 6 × 6°visual field patterns with little information on how central damage is defined (a vague statement of "presence of damage within the central 5°" is provided). This limited approach may affect not only billing and reimbursement, but most importantly how frequently these patients are seen and tested in clinical practice. The present study aimed to underscore 2 main limitations of existing staging systems for glaucoma. First, by using 24-2 (or 30-2) visual fields alone (without a structural test for corroboration), one may have an inadequate assessment of the presence, location, and extent of glaucomatous damage. With the incorporation of highresolution OCT imaging of the disc and macula, better estimates can be derived when these 2 techniques show topographic agreement. Second, 24-2 and 30-2 visual fields (which serve as basis for existing staging systems) can miss macular damage. This type of central functional loss has substantial implications on vision-related quality of life 33 and, as already proposed in the HPA system, 24 is sufficient to move the staging level to severe regardless of their MD value. Consider a patient with macular damage on 10-2 and OCT macular scans, but staged as without damage or with early damage, as in eFigure 3 in the Supplement. At least 2 scenarios are possible for this patient at present: (1) the patient is deemed as having no visual field defect, not treated, and/or seen once a year (or less frequently) or (2) the patient is deemed to have early damage and seen twice a year and tested with 24-2 and/or SD-OCT of the optic disc only. In both scenarios, suboptimal care is being delivered, and the likelihood of progression to blindness or visual impairment is substantially underestimated.
Limitations
Given the specific characteristics of our study sample, clinicians should be cautious about extrapolating results to a broader sample undergoing a different testing paradigm. In addition, obtaining 10-2 visuals fields in all patients may be challenging in clinical practice.
Conclusions
Given the new tools and knowledge on how to define glaucoma and the presence of macular damage, how would we develop a staging system today? Although a detailed classification system would require more debate, if these results are confirmed and generalizable to other patients, we propose that the results of at least a 10-2 visual field (or an alternative with a finer central grid) and macular SD-OCT scans should be included. The implementation of such new systems should be considered by clinicians, researchers, and public health authorities. eFigure 1. Examples of normal, early, moderate, and severe visual field defects based upon the Glaucoma Visual Field Staging System.
